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Introduction

Grid-connected PV systems must withstand 
high voltage bias in addition to harsh 
environmental conditions.
High leakage currents (LC) can lead to electro-
migration. Delamination and degradation are 
important issues for reliability and safety of 
thin-film PV modules.
Delamination of SnO2:F (TCO) is due to 
moisture ingress and electrochemical reaction 
at the TCO/EVA interface.



Introduction

Sodium diffusion seems to have resulted in severe 
delamination of SnO2:F layer from glass surface.
Heat, humidity and voltage, either separately or in 
combination are probably active in delamination 
mechanism.  
Correlation of leakage current with RH, 
temperature and time under high voltage bias in 
hot and humid conditions due to moisture 
percolation and saturation within the PV module 
studied in this paper. 



High Voltage Bias Test Bed

Florida Solar Energy Center (FSEC) high voltage 
test bed consists of eight superstrate type BP Solar 
a-Si:H modules installed at following bias 
conditions. 
+600 V and –600 V each
+300 V and –300 V each
+150 V and –150 V each
No bias – 2 Nos.
FSEC high voltage test bed also has 2 modules 
each from First Solar, Shell Solar and Uni-Solar 
each biased at +600V and –600V individually.



High Voltage Bias Test Bed

PV modules are monitored for leakage 
currents, back of the module temperature, 
ambient temperature, solar irradiance and 
relative humidity. 
Readings are taken at an interval of 15 
seconds and average of all these readings for 
every 2 minutes are recorded.



BP Solar HV Test Bed
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NREL HV Test Bed
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FS
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NREL Outdoor Monitoring Test Bed

NREL outdoor monitoring high voltage 
test bed consists of First Solar (FS) (6+6), 
Shell Solar (SS) (24+24) and Uni-Solar 
(US) (20+20) Modules. 
Installation:

FS – Sep 2003
SS – Oct 2003
US – Nov 2004



FS Array 
Home Page



FS +600V Array



FS -600V Array



FS Solar Array Variation

Variation of Avg Temp, Current & RH  on primary ordinate axis, Solar 
Irradiance, Power & Voltage on secondary ordinate axis with Time on abscissa 

for FS Module Array
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SS Array 
Home Page



SS +600V Array



SS -600V Array



SS Solar Array Variation

Variation of Avg Temp, Current & RH  on primary ordinate axis, Solar Irradiance,
Power & Voltage on secondary ordinate axis with Time on abscissa for SS Module 

Array

0

50

100

150

200

250

9:
36

10
:4

8

12
:0

0

13
:1

2

14
:2

4

15
:3

6

Time (Mins)

0

400

800

1200

RH I1 Tavg 1 Tavg 2 I2 S.Ir V1 P1 V2 P2

A
vg

Te
m

p 
(D

eg
 C

), 
C

ur
re

nt
 (x

 1
00

 A
m

ps
), 

R
H

(%
), 

S.
Ir(

W
/m

2 ), 
 P

ow
er

(W
), 

Vo
lta

ge
(V

)



US Array 
Home Page



US +600V Array



US –600V Array



US Solar Array Variation

Variation of Avg Temp, Current & RH on primary ordinate axis, Solar 
Irradiance, Power & Voltage  on secondary ordinate axis with Time on 

abscissa for US Module Array
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Results and Discussions

Researchers at the JPL and NREL have 
developed module acceleration test in a 
controlled atmosphere.
Both the JPL and NREL work have indicated 
humid environment, elevated temperature, 
and a voltage bias between the module frame 
and the thin film device as cause of thin film 
module corrosion.
Study of correlation of LC with RH and 
temperature is essential.



LC Variation-BP Solar Array

Time (min.)  Vs. Temperatures T1, T2,Tambient (Deg C), Leakage Currents
 LC1 (+600), LC2 (- 600),  LC3 (+300), LC4 (-300), LC5 (+150), LC6 (-150), LC7 (unbiased), 

LC8 (unb) (nA),  Relative Humidity (RH) (%), Solar Irradiance (S.IR) (W/Sq.m)
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LC Variation – NREL

Time (min.)  Vs. Temperatures T1, T2,Tamb (Deg C), Leakage Currents
 SS (+600), SS (- 600),  US (+600), US (- 600), FS (+600), FS (- 600) (nA),  Relative Humidity 

(RH) (%), Solar Irradiance (S.IR) (W/Sq.m)
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Cross Section Of The Module

R1’

R1

R1’ - Surface 
resistance of the SLG, 
R1 - SLG bulk 
resistance.R2

R2 – Encapsulant-SLG 
interface resistance.

R3

R3 - Encapsulant 
bulk resistance 

EVA

EVA
PV Cells

Soda-lime Glass Top Cover

Back Cover

FramePottant 
PlugElectrical Lead



Leakage Currents Paths

The dominant LC path during the night i.e., 
moderately low temperature and high 
humidity are surface (R1’) and through the 
SLG (R1).
EVA/glass interface (R2) and EVA (R3) 
account for the LC paths during the day time. 
As the RH and temperature increases the LC 
decrease.



Leakage Current Calculation

Excess current due to poor module design, 
flaws during fabrication, or in the junction 
box are not considered. 
Resistance of the edge gasket volume 
between the metal frame and the module 
edge is assumed to be zero when compared 
to SL glass bulk or surface. 
Leakage through the back cover material 
and EVA covering the back of the cells is 
not considered. 



Calculation Parameters 

Length and breadth of the module - ~121 & 
~60 cms respectively. 
Perimeter of the module is ~358 cms.
Thickness of SLG ~ 0.3 cm.
Edge delete – 1cm.



Surface Conductivity of SLG
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Bulk Conductivity of SLG
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Interface Conductivity, EVA/SLG
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Bulk Conductivity of EVA
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Contribution of Each Resistance in Giga 
Ohms, Measured and the Calculated LC

4592122.83139.769.323.990.2018277.819.0Cloudy, Night

17422552.3693.176.993.490.2018287.419.6Cloudy, Night

2282722.2039.9314.002.800.0036345.938.7Cloudy, Noon

493781.5946.593.992.800.0028346.337.4Cloudy, Noon

1072649.34139.7614.006.9928.2552686.612.7Clear, Night

14542582.3293.176.993.490.1210981.121.1Clear, Night

281893.1893.177.995.590.003238.240.7Clear, Noon

921993.0193.176.995.590.0032312.839.1Clear, Noon

MeasuredCal.109 Ω%(ºC)

Leakage Currents 
(nA)

ReffR3R2R1’R1RHTAvgClimate,
Noon/Night



Experimental Results

The most destructive condition at the 
SnO2/glass interface exists for a cell biased 
negatively relative to ground.
Na ions capable of reducing adhesion at the 
EVA/glass interface.
The SnO2 layer and the cells deposited on 
glass crack and curl into the EVA.
Result – Bar Graph damage patterning. 



-600V Biased Module

24 Months of exposure



-600V Biased Module

14 Months of exposure



-300V Biased Module

30 Months of exposure



-150V Biased Module

30 Months of exposure



Unbiased Module

30 Months of exposure



Leakage Currents

The measured values at noon are lower than 
the calculated values whereas the measured 
values are much higher than the calculated 
values at night on both clear days and cloudy 
days. 
The measured values are much higher at night 
because during night time the module is 
soaked in humid ambient for extended period 
of time. 



Activation Energy

Leakage currents increase exponentially with the 
reciprocal of the module temperature. 
The activation energies calculated as 
i (RH, Vb, T) = i0 (RH, Vb) exp (- EA (RH)/kT)
where EA (RH) - activation energy as a function 
of RH, k - Boltzmann’s Constant, T – Absolute 
Module Temperature in Kelvin were 0.456 eV 
and 0.639 eV for RH of 35-37% and 95-97% resp. 
Characteristic activation energy depends on RH. 
At high RH, the activation energies are larger 
than those at low RH for all the high-voltage 
biased modules.



Arrhenius Semi-log Graph

Semi Logarithmic Plot for -600V
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Leakage Currents – Cloudy Day

Time (min.)  Vs. Temperatures T1, T2,Tambient (Deg C), Leakage Currents
 LC1 (+600), LC2 (- 600),  LC3 (+300), LC4 (-300), LC5 (+150), LC6 (-150), LC7 (unbiased), 

LC8 (unb) (nA),  Relative Humidity (RH) (%), Solar Irradiance (S.IR) (W/Sq.m)
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Leakage Currents

Charge accumulates on the glass surface when 
the temperatures are high and RH is low due 
to high conductance of the bulk glass and low 
conductance of the glass surface.
Sudden rise in RH due to sudden drop in 
temperature result in sharp LC rise.
Moisture  accumulation and saturation results 
in transients of high LC.



Conclusion

The leakage currents generated in biased PV 
module are functions of both relative 
humidity and temperature.
Surface and bulk glass conductivities 
dominate in the leakage current generation 
under wet conditions.
The surface, bulk glass, EVA/glass interface 
and bulk EVA conductivities govern under 
dry conditions.



Conclusion

The measured values at noon are lower than 
the calculated values and those measured at 
night are much higher on both clear as well as 
cloudy day.
PV module leakage conductance is thermally 
stimulated with a characteristic activation 
energy that depends on RH.
The activation energy were 0.456 eV and 0.639 
eV for RH of 35-37% and 95-97% respectively.
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